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AbstractWe carry out a comprehensive analysis of a range of
wireless network efciency considerations. Firstly, we explore the
properties and the implications of the power- versus bandwidth-
efciency criteria. Secondly, we perform a detailed top-down
analysis of a typical commercial wireless network, which em-
phasizes the inherent differences between the aforementioned
two efciency metrics, while demonstrating that the appropriate
choice of the network optimization criterion can have a profound
effect on the overall network performance. Finally, we address
the issue of resource management and its impact on the denition
of the overall system efciency.
I. INTRODUCTION
Wireless communications constitute a thriving trillion-dollar
global industry of vast scale and socio-economic signicance.
The continuous investment in research and development,
aimed at improving the utility and the efciency of wireless
communications networks, brings about a wealth of theoretical
knowledge and practical engineering solutions. Remarkably,
however, a widely accepted choice of a criterion character-
izing the overall efciency of a wireless network remains
an open problem [1]. By denition, efciency is a quality
that characterizes the correspondence between the consumed
resources and the attained utility. Clearly, therefore, the notion
of efciency is intricately related to the contextual denition
of the utility as well as the specic method of attributing
value and cost to the resources available. In the context of
wireless communications, we may identify the two attributes
of the wireless electromagnetic medium, namely the frequency
spectrum and the power, as the two major resource categories.
On the one hand, many researchers consider bandwidth
efciency as the principal efciency criterion [2]. This ten-
dency is vividly reected by the abundance of standards, such
as the High-Speed Packet Access (HSPA) [3] and the IEEE
802.11n as well as the 802.16 and 3GPP LTE [4] systems
complemented by a large body of theoretical studies propos-
ing transceiver schemes exhibiting an ever-increasing bits-
per-second-per-Hertz (bps/Hz) throughput, while sometimes
overlooking the associated area spectrum efciency, power
consumption and complexity-related issues. The bandwidth
efciency criteria is largely motivated by the assumption of
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strict limitations on the available bandwidth, which are further
stimulated by the assumption of the spectrum being a scarce
resource. As pointed out in [1], [5], however, the scarcity of
spectrum is an articial constraint inicted by the currently
prevailing attitude to spectrum management.
On the other hand, a host of spread-spectrum methods
intentionally sacrice the bps/Hz performance for the sake
of achieving a better bit-per-second-per-Watt (bps/W) power
efciency, typically accompanied by lower levels of spectrum
contamination, as well as by an increased robustness against
the interference [6][8]. By no means should these methods
be classied as less efcient, since in the appropriate circum-
stances they are capable of considerably improving the overall
performance of the entire network.
In order to further emphasise the importance of the problem
considered, we would like to point out some of the pressing
socio-economic issues, which require a prompt attention of
the engineering community. Each of the major mobile carriers
currently consume in excess of 50 MWatt of power to support
their respective cellular network infrastructures in the UK
alone. At the time of writing, the cost of the power consumed
constitutes a substantial factor in the nancial bottom line of
all major mobile carriers. While the business model assumed
by these commercial entities may still be economically viable,
this might no longer be the case in the future. With the costs
of energy rapidly rising as well as with the growing awareness
of the associated environmental impact, the effective cost of
the excessively bandwidth-efcient but interference-sensitive
signalling strategies may become prohibitive.
Against this background, in this paper we carry out a
comprehensive analysis of a range of wireless network ef-
ciency considerations. Specically, in Section II we explore
the properties and the implications of the aforementioned
power versus bandwidth efciency criteria. In Section III we
carry out a detailed top-down analysis of a typical commercial
wireless network, which emphasizes the inherent differences
between the aforementioned two efciency metrics, while
demonstrating that the appropriate choice of the optimization
criterion can have a profound inuence on the overall network
performance. Our conclusions are summarized in Section IV.
II. POWER VERSUS BANDWIDTH EFFICIENCY
Let us recall the fundamental capacity upper-bound of
a communication system quantied by the Shannon-Hartley2
theorem [9], which postulates
R < B log2(1 + s); (1)
where B denotes the number of complex degrees of freedom
per second available for communication, while s is the
average Signal-to-Noise Ratio (SNR) recorded at the receiver.
Equation (1) describes the capacity of a Gaussian channel,
assuming an innite duration of the transmitted signal, as well
as an innite detection/decoding complexity. It is important to
underline the universality of (1), which applies to both single-
and multiple-antenna systems, where the number of spatial
degrees of freedom constituted by the minimum between the
numbers of transmit and receive antenna elements has to be
taken into account in the calculation of the total number of
complex degrees of freedom B. Furthermore, (1) may be
readily applied to fading channels characterized by arbitrary
distributions. Finally, (1) may be applied to the most generic
description of wireless networks constituted by mobile ad hoc
networks (MANETs) [10], where the total number of available
complex degrees of freedom may be calculated as a product
of the available bandwidth and the total number of transmit-
receive antenna pairs. Importantly, the strict inequality sign
in (1) holds in any realistic communication system, while
the realistically achievable total rate calculated as the sum
of all successfully completed session's rates attainable by
such a network is typically substantially lower than the bound
provided by (1).
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Fig. 1. Multicellular structure with interferers [11].
Subsequently, we dene the bandwidth efciency b of a
communication system as the number of bits per complex
degree of freedom available for communications, which in the
case of single-antenna systems corresponds to bits-per-second-
per-Hertz (bps/Hz), while in multiple-antenna scenarios is
equivalent to bits-per-second-per-Hertz-per-antenna,where the
number of antennas, or spatial links is determined by the min-
imum between the numbers of transmit and receive antenna
elements. Furthermore, we dene the power efciency p as
the number of bits per thermal noise energy unit (TNEU),
where TNEU refers to the amount of signal energy identical to
the variance of the complex-valued AWGN samples recorded
at the receiver. From (1) we may conclude that
b < log2(1 + s); (2)
while
p =
b
s
<
log2(1 + s)
s
(3)
for any realistic communication system.
Moreover, in most practical scenarios characterized by var-
ious performance-limiting factors including channel fading,
interference as well as latency and complexity constraints,
the actual attainable bandwidth and power efciencies are
considerably lower than those predicted by Equations (2)
and (3). For instance, in the case of uncorrelated Rayleigh
fading channels, (2) becomes
b <
1
log2
e
1=sEi(1=s); (4)
where we dene Ei(x) =
R 1
x
e
 t
t dt [12]. Furthermore, in
order to exemplify the impact of interference on the achievable
data-rate upper bound, let us consider the simple interference
model devised in [11], [13] and shown in Figure 1. Speci-
cally, we assume an idealized hexagonal cell structure com-
prised by cells of radius R and frequency reuse cell-clusters of
size Nf, which further implies having six signicant interfer-
ers at a distance of D =
p
3NfR [11, Chapter 14]. Following
[11], we assume a logarithmic path-loss model, as well as
receiving an approximately equal power Ik = (R=D)S from
all six rst-tier interferers, where S denotes the signal power,
while  is the pass-loss exponent. The resultant Signal-to-
Interference Ratio (SIR) may be expressed as
SIR =
S
P6
k=1 Ik + N0
=
s
1 + 6(3Nf) =2s
; (5)
where N0 denotes the PSD of the local noise.
The efciency upper bounds corresponding to the Gaussian
and Rayleigh channel scenarios of Equations (2), (3) and (4)
as well as the corresponding upper bounds for the interference-
limited scenario of Equation (5) are depicted in Figure 2. It is
evident that the efciency criteria b and p are inherently dif-
ferent and may not be maximized simultaneously. Specically,
as seen in Figure 2, any transmission scheme, characterized
by a bandwidth efciency, which exceeds 1 bps/Hz/antenna
exhibits a substantial degradationin terms of the corresponding
power efciency. Observe, that while the higher values of
the frequency reuse cluster size Nf tend to mitigate inter-
cell interference and thus result in improved local bandwidth
efciency, the corresponding area spectral efciency, which
is inversely proportional to the cluster size Nf is substantially
reduced. We would like to conjecture that an appropriate trade-
off between the efciency metrics b and p has to be found for
the sake of maximizing the network's overall utility, as dened
below. In the following section we would like to elaborate on
the importance of the appropriate choice of efciency criteria3
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Fig. 2. Power and bandwidth efciencies as a function of the SNR recorded
at the receiver. The power efciency is quantied in terms of the number of
bits per thermal noise energy unit (TNEU), which corresponds to the number
of bits communicated using a signal having the same power spectral density
(PSD) as that of AWGN recorded at the receiver.
and its corresponding impact on the network's utility with the
aid of an example.
III. TOP-DOWN ANALYSIS
Let us consider a commercial entity X, whose main busi-
ness is the provision of wireless communications services to a
diverse body of end-users. We will use the average monetary
prot K expressed in monetary units per second as the major
criterion of the company's performance. Using the most basic
economic principle, we may suggest that the prot K may be
formulated as the revenue minus the actual cost of the services
provided. Specically, let us dene the average revenue per
second as a function A(R) of the total rate R (in bits per
second) of successfully communicated information over the
entire network of carrier X. Likewise, we can quantify the
running cost per second as
C = CpP + Cr = CpPRF + CpPc + Cr; (6)
where the factors Cp and P denote the cost per Wattsecond
(Ws=joule) and the total average power (in Watts) consumed
by the carrier's network, while the coefcient Cr denotes
the cumulative rate of all additional costs not related to the
power consumption, including the hardware investment and
maintenance costs, as well as the spectrum licensing costs.
Furthermore, the power consumption constituents PRF and
Pc correspond to the power consumed by the RF transmis-
sion equipment and the rest of the power dissipated by the
network's infrastructure, including servers, air-conditioning
equipment, backhaul communication equipment etc.
The exact correspondence between the various cost con-
stituents in (7) is difcult to quantify and varies substantially
among different systems. We may, however, safely conjecture
that all three such components CpPRF; CpPc and Cr are
signicant to the the calculation of the overall cost and may
not be ignored. As the simplest general assumption, in this
respect, it appears plausible to assume the following strong
inequality
K < A(R)   CpPRF: (7)
Subsequently, we may conjecture that the total power PRF
dissipated by the RF equipment employed by the carrier's
infrastructure may be expressed in terms of the average
SNR s required to achieve reliable communications at the
target data-rate of R. More specically, we may formulate
PRF = BsN0, where the coefcient  denotes the trans-
mission chain's overall efciency, which takes into account,
for instance, the power efciency of the RF equipment, such
as the frequency conversion and power amplication efciency
as well as the average link budget, including the Tx/Rx antenna
gains and path loss.
Let us now consider the properties of the revenue function
A(R). Firstly, we would like to suggest that the revenue of
the commercial carrier X is determined by the corresponding
utility of its network to the end-user. Secondly, the utility of
the network to the end user is determined by the user's ability
to benet from a certain type of telecommunication services,
such as, for instance, text messaging, voice communications,
or mobile access to the WWW. As evidenced by the expe-
rience of the industry's ongoing transition between the 2G
and 3G technologies, the multifold increase in the achievable
throughput bears only a marginal increase in the network's
value without the introduction of new services.
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Fig. 3. Network utility to the user versus the average achievable user
throughput.
Naturally, each specic type of service contributed an
additional value to the user. For instance, the user of the voice
communication network might be willing to pay an extra price
for the ability to access the WWW. The user having the ability
to carry out voice communications and access the WWW may
be willing to pay a further premium for the additional ability to
stream high-quality video from the on-line server using his/her
mobile communication device. Although, each such additional
service may entail as high as a ten-fold increase in the required
throughput, the network's users typically see these additional
capabilities as incremental increases in the network's value.4
This trend is illustrated in Figure 3. Specically, we would
like to emphasise that the emergence of each subsequent
generation of mobile communications technology has been
accompanied by the introduction of a new class of services,
which would attempt to justify such transition in term of
the network's increased value to the consumer. Furthermore,
while the increase of the attainable throughput facilitated by
each successive generation of mobile technology has roughly
followed Moore's law, the perceived value of the network per
user appears to have increased roughly linearly.
In order to reect the behaviour depicted in Figure 3,
we would like to model the attainable revenue A(R) in the
following form
A(R) = Nu log2

1 +
Bu
 Ru

; (8)
where we conjecture that the revenue A(R) is linearly pro-
portional to the number of active subscribers Nu, while being
logarithmically proportional to the average data-rate attainable
for each user. Consequently, taking into account the aforemen-
tioned fact that the utility K is dened up to multiplicative
currency-relatedfactor and using the Shannon-Hartleytheorem
of Equation (1), we may formulate the following expression
K = Nu log2

1 +
Bu
 Ru
log2(1 + s)

  Cp  sBN0 (9)
=
B
Bu
log2

1 +
Bu
 Ru
log2(1 + s)

  Cp  sBN0;
(10)
where we dene the average bandwidth per active user as
Bu = B=Nu and the baseline data-rate per user as  Ru. Let us
elaborate a little further by dening the utility-per-channel-use
as  = K=B, which yields
 =
1
Bu
log

1 +
Bu
 Ru
log(1 + s)

  Cp  sN0: (11)
Note that both the per-channel-use quantities s and 
constitute bandwidth-normalized versions of the per-second
quantities P and K. Using Equations (10) and (11) we
would like to explore the relationship between the network's
utility K and three major network characteristics, namely the
total consumed power P, the total effective bandwidth B, as
well as the average user throughput Ru. More specically,
Figure 4 depicts the utility-per-channel-use  evaluated from
Equation (11) as a function of the average SNR s. Observe
that the resultant function (s) of Figure 4 exhibits a single
global maximum. Although the specic result depicted in
Figure 4 was calculated using the set of assumptions based
on the UK's GSM network statistics detailed in [14][16], it
may be readily veried that any sensible choice of network
characteristics has a limited impact on the general shape and
on the properties of the functions (s) and K(P). We may
thus surmise that the utility achievable by any bandwidth-
limited communication network is ultimately upper-bounded
and there exists an average SNR as well as a corresponding
power consumption point, where the network's utility is max-
imized.
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Subsequently, we would like to characterize the attainable
network utility K as a function of the power efciency coef-
cient  in Equation (10). More specically, Figure 5 depicts
the network utility K from Equation (10) versus the average
user rate Ru for the baseline scenarion based on the UK's
GSM network statistics [14][16] as well as for 30;60 and
90% improvementsin the overall power efciency. Once again,
in Figure 5 we stipulated the aforementioned assumption of
logarithmic data-rate-related user-base expansion. From the
results depicted in Figure 5 we may conclude that both
the maximum attainable network utility K as well as the
corresponding average user data-rate Ru may be improved
virtually indenitely by improving the network's power ef-
ciency, while graduallyexpandingthe total effective bandwidth5
and the corresponding size of the user-base.
Based on the implications of Equations (10) and (11)
augmented by the results depicted in Figures 4 we would like
to summarize the following conjectures:
1) The utility achievable by any realistic communication
network characterized by a xed power efciency is
ultimately upper-bounded.
2) For any set of three values selected from the network
parameters fB;P;Nu;Rug there exists a unique value
of the fourth parameter, for which the network utility
K(B;P;Nu;Ru) is maximized.
3) In any bandwidth-limited communication network a
substantial network utility gain may only be achieved
by improving the underlying power-efciency.
4) The only sustainable way of increasing the network's
utility is constituted by a combination of improved
power efciency accompanied by bandwidth expan-
sion.
It is important to emphasis that the 90% power efciency
gains hypothesised in Figure 5, might not be realistically
achievable in the context of the currently prevailing cellular
network topology. In contrast, we would like to speculate
that a gradual transition towards Mobile Ad Hoc Networks
(MANETs), facilitating the employment of short-range ultra-
wideband low-power and low-complexity recongurable co-
operative networking [17], has the potential to sustain the
substantial utility gains suggested in Figure 5 and thus guar-
antee the successful long-term development of the wireless
communications industry.
IV. CONCLUSIONS
In this paper we have emphasised the importance of power
efciency considerations in the context of the design and op-
timization of wireless communication networks. We provided
formal denitions of power as well as bandwidth efciencies
and explored their relative importance using a detailed top-
down analysis of a typical commercial wireless network. Our
results suggest that no substantial area spectral efciency gains
beyond those exhibited by the 2G cellular technology may
be economically achieved. Moreover, no signicant economic
gains may be realized by simply increasing the bps/Hz band-
width efciency. In contrast, manifold utility and throughput
gains as well as substantial Quality of Service (QoS) enhance-
ments may be attained by the appropriate combination of
improved power efciency, bandwidth expansion as well as
the conclusive evolution of the networking paradigm.
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